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The functional dissociation of human extrastriate cortical processing streams for the perception of face identity and location was investigated in healthy men by measuring visual task-related changes in regional cerebral blood flow (rCBF) with positron emission tomography (PET) and H,150. Separate scans were obtained while subjects performed face matching, location matching, or sensorimotor control tasks. The matching tasks used identical stimuli for some scans and stimuli of equivalent visual complexity for others. Face matching was associated with selective rCBF increases in the fusiform gyrus in occipital and occipitotemporal cortex bilaterally and in a right prefrontal area in the inferior frontal gyrus. Location matching was associated with selective rCBF increases in dorsal occipital, superior parietal, and intraparietal sulcus cortex bilaterally and in dorsal right premotor cortex. Decreases in rCBF, relative to the sensorimotor control task, were observed for both matching tasks in auditory, auditory association, somatosensory, and midcingulate cortex. These results suggest that, within a sensory modality, selective attention is associated with increased activity in those cortical areas that process the attended information but is not associated with decreased activity in areas that process unattended visual information. Selective attention to one sensory modality, on the other hand, is associated with decreased activity in cortical areas dedicated to processing input from other sensory modalities.
Direct comparison of our results with those fro-m other PET-rCBF studies of extrastriate cortex demonstrates agreement in the localization of cortical areas mediating face and location perception and dissociations between these areas and those mediating the perception of color and motion. [Key words: extrastriate cortex, human, object vision, spatial vision, neuroimaging, cerebral blood f/owl Much of our understanding of primate extrastriate cortex has come from combined anatomical, physiological, and behavioral studies of the monkey brain. The extent of homology between monkey and human extrastriate cortex, however, is still largely undetermined. Studies of monkey visual cortex have shown that there may be over 25 discrete cortical areas, with distinguishable visual field representations, cyto-and myelo-architecture, visual physiology, patterns of connections with other areas, and behavioral effects of lesions (Desimone and Ungerleider, 1989; Felleman and Van Essen, 199 1) . Visual areas are hierarchically organized, as demonstrated by the patterns of connections between regions (Felleman and Van Essen, 1991) . The hierarchy segregates into at least two processing pathways with different visual functions. The most prominent of these are a ventral occipitotemporal pathway for perception of object identity and a dorsal occipitoparietal pathway for the perception of the relative spatial locations of objects, the perception of motion, and the guidance of movements toward objects (Ungerleider and Mishkin, 1982; Desimone and Ungerleider, 1989) . Functional brain imaging studies have confirmed the retinotopic organization of primary visual cortex (Fox et al., 1986 (Fox et al., , 1987 Schneider et al., 1993) and have identified a small number of foci in extrastriate cortex associated with the perception of color, movement, shape, faces, and spatial locations (Corbetta et al., 1991; Haxby et al., 1991; Zeki et al., 1991; Sergent et al., 1992; Jonides et al., 1993; Watson et al., 1993) . The functional dissociation of these foci suggests the existence of separate visual areas. Their locations suggest a hierarchical organization similar to that of the monkey. Color, shape, and face foci have been localized primarily in ventral occipitotemporal cortex, defining at least part of a ventral object vision pathway. The focus for motion perception has been localized to lateral cortex posterior to the ascending limb of the inferior temporal sulcus. Foci for the perception of location have been localized in dorsolateral occipital and superior parietal cortex. These motion and location areas appear to define at least part of a dorsal spatial vision pathway. While it is likely that these general principles of organization are relevant for the study of human visual neuroanatomy, it is unlikely, given the evolutionary distance between humans and monkeys, that a simple one-to-one correspondence between the human and monkey visual areas and interconnections exists.
We have investigated the functional organization of human visual extrastriate cortex by measuring changes in regional cerebral blood flow (rCBF) with PET associated with the perception of faces and locations. In this report, we present the results Figure 1 . Sample stimuli from the perceptual matching tasks (A-C) and the sensorimotor control task (D). The face matching II and location matching II tasks used identical stimuli (A). For the face matching I task (II), the small square containing the face was always in the center of the larger square and the double line was always on the bottom of each square. For the location matching I (C), the smaller squares contained the same nonsense figure used in the control task stimuli (D).
of an experiment in which the stimuli for face and location noux (1988) brain atlas coordinates, we compare our results perception tasks were matched so that they were either equivdirectly with other PET-rCBF studies of human extrastriate alent, in terms of visual complexity, or identical. Thus, the cortex, giving an integrated view of current understanding of different patterns of rCBF changes could be assigned unambig-the organization of human extrastriate cortex. uously to differences between face and location perception rather Some of these results have appeared in a preliminary report than to stimulus differences. Further, using Talairach and Tour- (Haxby et al., 1993) . 
Materials and Methods
Subjects. Nine healthy, right-handed males participated in this study. Mean age was 29 years (SD = 3). All subjects gave written informed consent. Visual tasks. Six PET scans measuring rCBF were obtained while subjects performed visual matching and control tasks. The stimuli for all tasks used the same basic configuration of three large white squares on a black background, one centered above the other two, which are side by side (Fig. 1) . Each large white square had a double line on one side and contained a smaller white square. The smaller squares each contained a complex figure-either a face or a nonsense pattern of equivalent complexity. Faces were taken from the Benton Test of Face Recognition (Benton and Van Allen, 1973) . On tasks using the nonsense pattern, the same nonsense pattern was used for all items.
For all visual matching tasks, the subject indicated whether the right or left choice stimulus matched the upper, sample stimulus by pressing a button with his right or left thumb. For the two face matching tasks, the subject indicated which of the choice stimuli contained a picture of the same person shown in the sample stimulus. In one face matching task, face matching I, the smaller squares containing the faces were always centered in the larger squares (Fig. 1B) . In the face matching II task, the position of the smaller squares in the larger squares varied (Fig. 1A) . For the two location matching tasks, the subject indicated which of the choice stimuli contained a smaller square in the same location, relative to the double line, as in the sample stimulus. The double line in the sample stimulus was always on either the right side, the left side, or the upper edge of the larger square. The double lines in the choice stimuli were always on the lower edge of the larger squares. In the location matching I task, the smaller squares always contained the nonsense pattern (Fig. 1C) . In the location matching II task, the smaller squares contained pictures of faces (Fig. 1A) . Thus, the same stimuli were used. for the face matching II and location matching II tasks; only the task requirements differed.
In the control task, the double line was.always on the lower edge of the larger square, the smaller square was always centered in the larger square, and the smaller square always contained the nonsense pattern (Fig. ID) . On every presentation of the control task stimulus array, the subject pressed a button with either his right or left thumb, in alternating order.
Stimuli were presented as slides projected on a rear projection screen, positioned approximately 55 cm from the subject's eyes and tilted to be perpendicular to his line of sight. The full stimulus array subtended approximately 17" of visual angle. Each small square containing a face or nonsense pattern subtended approximately 3" of visual angle. Each item ended with the subject's response followed by a 1 set interstimulus interval.
Positron emission tomography. Measurement of rCBF was accomplished with a Scanditronix PC204815B tomograph (Milwaukee, WI). This tomograph acquires 15 contiguous, cross-sectional images simultaneously, each 6.5 mm thick. Within-plane resolution is 6.5 mm (full width at half-maximum). Head movement was minimized by using a thermoplastic mask that was molded to each subject's head and attached to the scanner bed.
Each scan was obtained while the subject performed one of the five tasks described above. The first and last scans were obtained during performance of the sensorimotor control task. The second and third scans were obtained during performance of the face matching I and location matching I tasks, with the order counterbalanced across subjects. The third and fourth scans were obtained during performance of the face matching II and location matching II tasks, presented in the same order as the face matching I and location matching I tasks.
Subjects began each task 1 min before the intravenous injection of 40 mCi of H,150. Scanning commenced when the brain radioactivity count reached a threshold value and continued for 4 min thereafter. Arterial blood radioactivity was sampled continuously with an automatic blood sampling device from the time of injection to the end of scanning. The visual task was stopped at the end of scanning. A transmission scan was used to correct images for attenuation. rCBF values, in units of ml/100 gm/min, were calculated for each pixel using the sampled arterial blood activity curve and the rapid least squares method (Carson et al., 1987) .
Data analysis. The voxel dimensions in the original scans were 2 x 2 x 6.5 mm. Using linear interpolation, scans were converted to 43 slice images with nearly cubic 2 x 2 x 2.17 mm voxels. Alignment of the first scan in the y (anterior-posterior) and z (superior-inferior) dimensions was rectified using the maximum zero-crossover method described by Minoshima et al. (1992) . Scans 2-6 were aligned to the rectified scan 1 using an iterative procedure that tested fit also using the maximum zero-crossover method (Lee et al., 199 1) and found the optimum alignment by iterating seven parameters (scale and six movements: roll, pitch, yaw, x-translation, y-translation, z-translation) with the simnlex search algorithm (Welder and Mead, 1965) . These nrocedures corrected all scans for roll, yaw, and between-scan head movements. These programs were implemented on an Intel iPSC860 parallel supercomputer (Beaverton, OR).
Task-related differences in rCBF were tested using statistical parametric mapping (SPM) (Friston et al., 1989 (Friston et al., , 1990 . SPM consists of three steps: stereotactic normalization, ANCOVA correction for global flow, and task comparisons. Stereotactic normalization is a fully automated procedure that scales each scan to the dimensions of the Talairach and Toumoux (1988) stereotaxic atlas brain, aligns the scan to the estimated location of the line connecting the anterior and posterior commissures (AC-PC line), and reshapes the scan, using a nonlinear resampling, to the conformation of a template PET scan. Stereotactic normalization resamples each scan into voxels that are 2 x 2 x 4 mm in the x-, y-, and z-planes, respectively. Scans are then smoothed using a Gaussian filter with a full width at half-maximum of 2 cm in x and y, and 1.2 cm in z. After each individual's scan has been resampled into a standard brain coordinate space, statistics are calculated for each voxel sampled in all subjects. rCBF for each voxel is corrected for variations in global blood flow using ANCOVA. Variance in a voxel is partitioned into variance due to subject, condition, and error. The significance of rCBF differences between sets of task conditions is tested by calculating t tests using the pooled estimate of error variance. Values of t were converted to standard Z values to provide a measure of statistical significance that is independent of sample size. The criterion for statistical significance was set at p < 0.001, two-tailed (Z = 3.38).
Comparisons of rCBF during performance of the two face matching tasks and the two location matching tasks demonstrated that variation of face location during face matching and the presence of faces or nonsense patterns during location matching had no effect. For both comparisons, the number of pixels exceeding any threshold for significance was less than would be expected by chance. Consequently, all analyses treated the two face matching tasks and the two location matching tasks as repeated measures of the same task conditions. rCBF during performance of face matching was compared both to Data are local maxima for regions that demonstrated higher rCBF during face matching as compared to both the location matching and control tasks. U ml/100 gm/min (rCBF values were ANCOVA adjusted to grand global mean flow and then ratio adjusted to global mean flow of 50). h 2 score for comparison of location matching to face matching rCBF. ( Brodmann area according to Talairach and Toumoux atlas. control task rCBF and to location matching rCBF. Similarly, rCBF values during performance of location matching was compared both to control task rCBF and to face matching rCBF. Significant increases as compared to the control task were taken to indicate activation that could be attributable to either general visual processing operations, shared by both tasks, or to visual processing operations specific to object or spatial vision. Significant differences between matching tasks were taken to indicate only areas that performed visual processing operations that were more specific to face or location perception.
Foci for areas demonstrating maximal rCBF differences were identified by finding local maxima, defined as voxels that demonstrated significant rCBF differences and that had Z values higher than any other voxel in a 2 cm cube centered on that voxel.
To compare the results of the present study with a previous report (Haxby et al., 1991) , the data from that study were reanalyzed using SPM. In the previous report we presented results from a PET-rCBF study of object and spatial vision in which different stimuli were used that were not matched for visual complexity, The earlier study was also conducted on a different set of subjects, using a different tomograph (Scanditronix PC 102%7B, Upsaala, Sweden) with lower axial resolution (seven cross-sectional images, each 11 mm thick with 3 mm gaps between slices), and the data were analyzed with a method that did not allow identification of foci with stereotactic brain atlas coordinates.
Results
Mean response accuracies and latencies are presented in Table  1 . Response latencies did not differ for any of the tasks. Accuracy was equivalent for the two forms of face matching and for the two forms of location matching. Accuracy on location matching, however, was significantly better than face matching accuracy (p < 0.01).
Areas demonstrating significant increases of rCBF during performance of the face and location matching tasks, relative to control task rCBF (p < 0.001, two-tailed), are shown in Figure  2 . Both face and location matching tasks activated a large part of the occipital lobe, including calcarine, medial, and lateral areas, shown in yellow in the figure (Fig. 2AJ ). In the right hemisphere the region activated by both tasks also included a region within the posterior occipitoparietal cortex (I3). Face but not location matching activated additional areas located in ventral occipitotemporal cortex centered on the fusiform gyrus, as shown in red (C-E). Temporal activation associated with face matching did not extend as far rostrally in the left hemisphere as in the right, as shown in the lateral views and in the coronal section from 35 mm posterior to the anterior commissure (E). The most rostra1 temporal voxels demonstrating significant increases were 26 mm posterior to the anterior commissure in the right hemisphere, as compared to 36 mm in the left hemisphere. Face matching also activated two areas in the right frontal lobea large area in the inferior prefrontal convexity (G,H) and a smaller area in orbitofrontal cortex (I)-and the medial thalamus (F>. An even smaller activation in left orbitofrontal cortex was also observed. Location matching, in contrast to face matching, activated additional areas in bilateral dorsolateral occipital cortex (AJ?), in bilateral posterior superior parietal cortex extending rostrally to include the intraparietal sulcus (B-D), and in right dorsal premotor cortex (F).
Brain areas demonstrating significant modulation of activity associated with object versus spatial visual processing were identified by direct comparison of rCBF during face and location matching. Areas shown in red in Figure 3 demonstrated significantly greater rCBF during face matching as compared to both the location matching and the control tasks. Areas shown in green in Figure 3 demonstrated significantly greater rCBF during location matching as compared to both the face matching and the control tasks (p < 0.001, two-tailed). The local maxima of these areas, based on differences between face and location matching rCBF, are reported in Tables 2 and 3 . Face matching, as compared to the location matching and. control tasks, was associated with greater rCBF in right and left fusiform gyrus (Fig. 3A-D) , in the right inferior frontal gyrus Q, and in right orbitofrontal cortex (not shown in coronal section). Fusiform activation tended to be more extensive in the right as compared to the left hemisphere. Four local maxima were identified in the right fusiform gyrus and three in the left in Brodmann areas 19 and 37, according to Talairach and Tournoux's atlas. Right Intraparietal sulcus (7) -36 -44 36 4.43 3.27 3.52
Data are local maxima for regions that demonstrated higher rCBF during location matching as compared to both the face matching and control tasks. * ml/100 gm/min (rCBF values were ANCOVA adjusted to grand global mean flow and then ratio adjusted to global mean flow of SO). h Z score for comparison of location matching to face matching rCBF. L Brodmann area according to Talairach and Tournoux atlas. inferior frontal activation was maximal in a relatively deep location underlying the inferior frontal gyrus. A small right orbitofrontal focus was in Brodmann area 11. Location matching, as compared to face matching, was associated with greater rCBF bilaterally in dorsal occipital cortex (Brodmann area 19; AJ), posterior superior parietal cortex (Brodmann area 7; C), and the intraparietal sulcus (Brodmann area 7; D), and in superior premotor cortex (Brodmann area 6; E) of the right hemisphere.
In addition to areas that demonstrated significant rCBF increases during the perceptual matching tasks as compared to the control task, areas were found that demonstrated significant rCBF decreases (p c 0.00 1, two-tailed). These areas are shown in Figure 4 . Local minima for areas with decreased rCBF are listed in Table 4 . Areas with decreased rCBF during face or location matching demonstrated considerable overlap, with local minima in perisylvian, midcingulate, postcentral, and prefrontal areas. The local minima for rCBF decreases associated with face and location matching in these areas were essentially identical, with locations that differed, on average, by only 3 mm (range, O-9 mm). The areas demonstrating the greatest rCBF decreases for both matching tasks were bilateral perisylvian cortices with foci (local minima) in the posterior superior temporal gyri (Fig. 4A,B) , insula (D), and primary auditory cortex (C). Midcingulate (C) and small bilateral prefrontal areas (E,F) also demonstrated significant rCBF decreases during both matching tasks. The prefrontal area demonstrating decreased rCBF in the right hemisphere was more anterior than was the corresponding left hemisphere area. In postcentral sensory cortex, face matching demonstrated more extensive areas of decreased rCBF than did location matching, but local minima for both tasks had identical locations. Face matching, but not location matching, was also associated with rCBF decreases in bilateral medial parietal cortices (A). Location matching was associated, however, with a nearby locus of decreased rCBF in the posterior cingulate cortex (B). A few local minima associated with only one task were found in areas that also showed significant or nearly significant rCBF decreases associated with the other task. These areas were in right midtemporal (location matching), medial superior frontal (location matching), and anterior cingulate (face matching) cortex (not shown in coronal section in the figure) .
Generally, these areas demonstrating significant rCBF decreases were in primary and association cortices for unattended sensory modalities, namely, audition and somesthesis. In terms of absolute rCBF, these reductions appeared even larger than the differences in ANCOVA-adjusted rCBF, ranging from 9% to 17% reductions during face matching and from 5% to 10% reductions during location matching. Because there was a nonsignificant reduction in global flow during the matching tasks as compared to the control task (1.9 * 6.0 and 0.7 + 3.8 ml/ 100 gm/min for face and location matching, respectively), AN-COVA adjustment for global flow tended to diminish the size of these rCBF decreases.
The results of the reanalysis of data from our previous report are presented in Figure 5 and in Tables 5 and 6 . The coronal sections in Figure 5 were taken at the same distance from the anterior commissure as planes A-D in Figure 3 for direct comparison of the two studies. The threshold of significance for displaying pixels demonstrating differences was lowered to p < 0.0 1 (two-tailed) to facilitate visual comparison, but only maxima exceeding a threshold ofp < 0.00 1 (two-tailed) are reported in the tables. The size of the areas of significant rCBF differences and the number of local maxima were smaller in the results from the previous study, suggesting that the methods used in the present study were more sensitive, due perhaps to the higher axial resolution of the tomograph and the higher injected dose for each scan. Nonetheless, the location of areas demonstrating significant differences in posterior cortices are remarkably similar. Occipitotemporal areas demonstrating significantly higher rCBF during face matching as compared to location matching had two local maxima in the fusiform gyrus of each hemisphere, corresponding to the most posterior and anterior fusiform foci in the present study. Displacement of these foci in the two studies ranged from 5 to 15 mm. Foci for areas more activated by location matching than by face matching in the earlier study were found in right dorsal occipital and bilateral posterior superior parietal cortex. These correspond to foci in the present study, with displacements ranging from 2 to 16 mm. A corre- sponding left hemisphere dorsal occipital area can be seen in extrastriate visual areas in ventral occipitotemporal and dorsal Figure 5 but failed to achieve statistical significance at p < 0.00 1.
occipitoparietal cortex. Multiple foci demonstrating maximal Local maxima were not found in the intraparietal sulci, but the rCBF differences were found for each matching task, suggesting area demonstrating increased rCBF during location matching that cortical activity evoked by these tasks involved a hierarchy extended into these areas with good spatial agreement with the of areas organized as pathways. In addition to bilateral posterior present study (Figs. 3 and 5 , coronal slice C). No right frontal extrastriate areas, right frontal areas selectively activated by areas demonstrating significant modulation of rCBF were found these tasks were also found, suggesting the locations of frontal that would correspond to the frontal areas found in the present projections zones for human object and spatial visual processing study. pathways.
Discussion
The pattern of rCBF changes associated with performance of face matching, location matching, and control tasks demonstrates a clear dissociation of visual functions associated with Relative to the control task, both visual matching tasks evoked significant rCBF increases in a large part of the occipital lobe, including calcarine, medial, and lateral areas. Because eye movements were not controlled, it cannot be determined whether this activation is due to increased attention to the visual stimuli or to more visual exploration. The areas activated by both tasks Data are local maxima for regions that demonstrated higher rCBF during face matching as compared to both the location matching and control tasks. y ml/l00 gm/min (rCBF values were ANCOVA adjusted to grand global mean flow and then ratio adjusted to global mean flow of 50). * 2 score for comparison of location matching to face matching rCBF. L Brodmann area according to Talairach and Toumoux atlas. may correspond mostly to early visual areas, such as Vl, V2, and V3, that precede the major bifurcation of visual pathways into ventral and dorsal processing streams. Our results also suggest, however, that the "object vision" task activated some early "spatial vision" extrastriate areas in right occipitoparietal cortex and the "spatial vision" task activated some early "object vision" extrastriate areas in right ventral occipitotemporal cortex (Fig. 2) . These activations may reflect inadvertent processing of irrelevant object or spatial information. It is also plausible that face matching necessarily involves some spatial vision operations, such as estimation of the size and relative locations of facial features, and location matching necessarily involves some object vision operations, such as identification of the objects to localize.
Direct comparison of the face and location matching tasks (Fig. 3, Tables 1, 2 ) identified cortical areas that selectively modulated their activity depending on whether the focus of selective attention was face identity or location. Face matching was associated primarily with selective rCBF increases in a long strip of cortex in the right and left fusiform gyri (Brodmann areas 19 and 37). The fusiform area selectively activated by face matching on the right extended 1 cm farther forward than did the left fusiform activation. Additional areas of increased rCBF were observed in the right prefrontal (Brodmann areas 45 and 47) and orbitofrontal cortex (Brodmann area 11). Based on nonhuman primate anatomy, the prefrontal area may represent the frontal projection of posterior ventral extrastriate cortex (Chavis and Pandya, 1976) . Location matching was associated with increased activity in three bilateral posterior extrastriate foci, lateral occipital cortex (Brodmann area 19), posterior superior parietal cortex (Brodmann area 7), and the intraparietal sulcus (Brodmann area 7), and with a small area of increased rCBF in right superior premotor cortex (Brodmann area 6). A smaller rCBF increase in a homologous left premotor area was also observed but was not statistically significant. This area might be the frontal projection of posterior dorsal extrastriate cortex and could be the frontal eye field, an area heavily interconnected with posterior parietal cortex in nonhuman primates (Chavis and Pandya, 1976; Cavada and Goldman-Rakic, 1989a,b) . Because eye movements were not controlled in this experiment, the possibility that the rCBF differences between the two matching tasks are due to differences in eye movements cannot be definitively ruled out. A recent PET-rCBF study of voluntary saccades, however, found a network of areas associated with saccades, including the precentral gyrus, supplementary motor area, midcingulate cortex, lenticular nucleus, and thalamus, none of which was selectively activated by either the location or face perior frontal sulcus, suggesting that the premotor area associmatching tasks (Petit et al., 1993) . The locations of the putative ated with location matching may not be the frontal eye field. frontal eye fields in this recent study and in an earlier PETMoreover, other PET-rCBF studies of closely related visuorCBF study by Fox et al. (1985) were consistently more lateral, spatial functions that did control eye movements also found in the precentral gyrus, than was the right frontal area selectively activation in dorsal prefrontal areas that lie close to the area activated by location matching, which was located in the suselectively activated by location matching (see below). Visual attention and rCBF Attending selectively to the identity and the locations of faces was associated with the same selective increases in rCBF whether or not the stimuli contained irrelevant faces or variations in locations. These results suggest that, within a sensory modality, selective attention to one aspect of a stimulus may be mediated, in part, by selective increase in the activity of neural systems that process that type of information, This finding recapitulates that of Corbetta et al. (199 l) , who found selective activation of cortical areas associated with selective attention to the shape, color, or velocity of a visual stimulus array, and extends that finding to other types of visual information. Neither the Corbetta et al. study nor ours found any evidence for selective reductions of rCBF in the areas associated with the processing of unattended visual information, suggesting that selective attention within a sensory modality is not associated with suppression of activity of neural systems that process irrelevant information.
Significant rCBF reductions, however, were observed in neocortical areas associated with other sensory modalities. These reductions were observed during performance of both perceptual matching tasks as compared to the sensorimotor control task, although they were more extensive for face matching than for location matching. The regions showing the greatest rCBF reductions were in primary auditory and auditory association cortex. Somatosensory, midcingulate, and prefrontal regions also showed significant rCBF reductions. The presence of auditory and somatosensory cortex rCBF reductions suggests that selective attention to visual stimuli may be associated with suppression of neural activity in areas that process input from unattended sensory modalities. The cingulate area showing suppression of activity was in mid-and posterior cingulate, which is believed to perform sensory evaluative functions (Vogt et al., 1993) . Corroborating evidence for cross-modal suppression of neural activity can be found in the animal literature (Hemandez-Peon et al., 1956; Hocherman et al., 1976; Oatman, 1976) , in studies of evoked potentials in humans (Hackley et al., 1990 ) and in previous human rCBF studies (Mazziotta et present one found more posterior foci with higher levels of al., 1982; Kawashima et al., 1993) . significance in both pathways. This difference probably reflects An alternative explanation for the rCBF reductions is hythe greater sensitivity afforded by using a 15plane tomograph, draulic: increased flow to some areas may decrease the flow to as opposed to a 7-plane tomograph, with no gaps between slices. areas that also receive blood from common arteries. The pattern
The Scanditronix PC1048-7B scanner used for the previous of increases and decreases, however, does not support this exstudy did not sample data from 3 mm gaps between slices. planation. All of the ventral occipital and temporal areas acti-
The two studies differ more substantially on the participation vated by face matching lie within the territory of the posterior of frontal areas in the performance of the matching tasks. Secerebral artery (Carpenter and Sutin, 1983) . Most of the dorsal lective rCBF increases in right prefrontal areas were observed areas activated by location matching also lie in the posterior in the present study that were not observed in the previous cerebral artery distribution or in the watershed zone between study. Analyses of interregional correlations in the previous the posterior and middle cerebral arteries. The auditory and study (Horwitz et al., 1992 ) however, did demonstrate funcsomatosensory areas showing decreased flow are all in the midtional associations involving these prefrontal areas, albeit in the dle cerebral artery distribution. A hydraulic explanation of the absence of rCBF increases. Although the difference in scanner reduced flow areas, therefore, would have to operate at the circle sensitivity may account for this difference, the change in stimuli of Willis, reducing flow to the entire distribution of the middle is a more likely cause. In the previous study, the stimuli for the cerebral artery. The rCBF reductions were much more selective, two tasks were markedly different, and thus, the nature of the however, excluding the anterior temporal and frontal parts of task was readily apparent from the stimuli. In the present study, the middle cerebral artery distribution.
by contrast, the stimuli were very similar or identical, which Together, these results suggest that different neural mechamay have forced subjects to expend more effort maintaining an nisms are associated with selective attention within and between internal representation of the task instructions. The present study sensory modalities. Selective attention to one type of inforalso used smaller pictures of faces, resulting in lower accuracy mation within a sensory modality appears to be associated with and slower response times as compared to the previous study. increased activity in areas that process the attended information
The frontal activation during face matching, therefore, may also but not with suppression of activity in areas that process the reflect this difference in difficulty. Finally, in the previous study, unattended information. By contrast, selective attention to one the location matching task required judgments about the locasensory modality appears to be associated with suppressed action of a dot. The distances to the nearest sides of the larger tivity in cortical areas that process input from other sensory square, therefore, were to a common reference point. In the modalities. This suppression apparently includes the primary present study, the task required judgments about the location projection cortices for the unattended modalities. The site or of a small square. Thus, the distances to judge used two different sites for this suppression of activity, therefore, may be precortreferences, namely, two sides of the small square. The frontal ical, resulting in decreased input to primary cortices for unatactivations seen in the present study but not in the previous tended sensory modalities. study, therefore, may reflect several factors, namely, the greater Extensive animal literature on the alteration of sensory neural need to maintain an internal (working memory) representation responses when animals attend to a stimulus in another modality of the task instructions and the increased difficulty as well as has shown that suppression of input can occur at multiple levels complexity of the tasks. (e.g., Oatman, 19?6) , although evoked potential studies in humans find consistent evidence for cross-modal attention onlv
Comparisons with other PET-rCBF studies of human in potentials of presumed cortical origin (Hackley et al., 1990) . extrastriate cortex A precortical mechanism for gating input could diminish all Face perception. Sergent et al. (1992) have reported another input from one sensory modality. Selective suppression of in-PET-rCBF study of face perception, in which they identified formation within a sensory modality, on the other hand, could foci activated by two different tasks. A gender discrimination only be achieved after the relevant and irrelevant information task was used to exemplify an early stage of face perception have been clearly segregated. Otherwise, a damping of signal involving structural processing operations. A face identification could interfere with relevant processing. Adequate segregation task was used to elicit later stages of face perception, involving of information about different visual features or about visual the perception of unique identity and retrieval of memories stimulus identity versus localization requires cortical involveassociated with the pictured individual. The cortical foci actiment. Thus, the cortical mechanisms for selective attention that vated by the gender discrimination task, as compared to an can distinguish between these types of visual information appear orientation discrimination control task, lay in close proximity to operate by augmenting relevant processing but not by supto the more posterior fusiform foci activated by face matching pressing irrelevant processing.
in the present study (Fig. 6A,B) . Differences in locations were
Reanalysis of results from previous report 9 mm on the right (using the mean of Sergent et al.'s four foci), and 13 mm on the left. The foci activated by Sergent et al.'s Reanalysis of the data from our previous report (Haxby et al., face identity task, as compared to the gender discrimination 199 1) allowed direct comparison of the results from these two task, included foci that lay near the middle fusiform foci actisimilar studies. These two studies, performed on different PET vated by our face matching task (C). Differences in locations scanners with different subjects and different stimuli, are in close were 9 mm on the right and 5 mm on the left. Sergent et al.% agreement on the location ofposterior areas selectively activated face identity task additionally activated more anterior temporal by the face and location matching tasks. This reanalysis also areas in bilateral parahippocampal gyri, in the left middle temclarifies some ambiguity about the locations of activated areas poral gyrus, and in the temporal poles. in the previous report that resulted from the less precise method
Comparison of our results with those of Sergent et al. both of image analysis employed. Compared to the earlier study, the provides some mutual corroboration and helps to characterize the visual functions of the foci of activation. The face matching task we used involved both structural processing and the perception of each face as belonging to a unique individual. Sergent et al.'s results suggest that the more posterior fusiform foci are involved only in the structural processing operations that must precede the perception of unique identity. The face matching task has no memory component-the subject does not associate a name or any other biographical information with any of the faces. Consequently, the more anterior fusiform foci activated by both face matching and face identification are probably associated with the perception of unique identity. The additional anterior temporal foci activated by Sergent et al.'s face identification task, therefore, are more likely associated with the memory functions required to perform the face identity task. Thus, the results of Sergent et al. help to distinguish the functional roles of the foci associated with face matching, and our results help to distinguish the functional roles of the foci associated with Sergent et al.'s face identity task. Furthermore, this comparison suggests that the lack of activation of more anterior temporal cortices associated with face matching does not indicate that the human object vision pathway excludes these areas. Spatial vision. Two recent PET-rCBF studies have examined other spatial vision tasks (Corbetta et al., 1993; Jonides et al., 1993) . The foci of activation reported in these studies are shown in Figure 7 along with the results from our study.
A report by Corbetta et al. (1993) identified superior parietal and frontal areas associated with shifting the spatial focus of attention. These areas lie in close proximity to those areas activated in the present study by location matching in the intraparietal sulcus (Fig. 7B,C) and, on the right side, in premotor cortex (Fig. 70) , suggesting that shifting attention to spatial locations may be invoked by enhancement of activity in the extrastriate visual areas associated with the perception of spatial location. Differences in locations for the intraparietal sulcus foci activated by visuospatial attention (using mean location for four foci) and location matching were 9 mm on the right and 16 mm on the left. The difference in the locations of the right frontal foci were larger (19 mm). The possibility that the areas associated with shifting spatial attention are coextensive with those for the perception of location suggests that selective attention for spatial locations is mediated by the same type of mechanism underlying other varieties of visual selective attention, namely, increased activity in the cortical areas that process the attended information.
A PET-rCBF study by Jonides et al. (1993) identified areas associated with working memory for visual spatial location in right dorsolateral occipital, right superior parietal, and right frontal cortex. The right dorsolateral occipital area activated by the Jonides task lies 9 mm from the dorsolateral occipital area selectively activated by our spatial perception task (Fig. 7A ), but appears displaced in the direction of the posterior superior parietal spatial vision area. Their right superior parietal area (Fig. 7C ) lies close to the intraparietal sulcus area identified by our study (location difference = 11 mm) and the parietal areas identified in Corbetta et al.% study of visuospatial attention. Similarly, the location of the right prefrontal area in Jonides et al.% study (Fig. 70) is in close agreement with our study of visuospatial perception (location difference = 11 mm) and Corbetta et al's study of visuospatial attention. The more ventral prefrontal area is close to the ventral prefrontal area activated by our face matching task.
This comparison of three PET-rCBF studies of visuospatial functions suggests that the areas identified in the study ofJonides et al. are not selectively activated by visuospatial working memory but have more general visuospatial functions including perception and attention with no working memory component. Their finding that these areas had increased rCBF as compared to their location perception control might be due to increased activity related to additional operations related to the shortterm retention of spatial location. A more likely explanation, however, is that their perception control task was not a location perception task but an object perception task. In that task, three dots were presented for a short interval. Then a circle was added to the stimulus display, and the subject had to indicate whether the circle surrounded one of the dots. This task could be seen as an object discrimination task, in which the subject discriminates between an empty circle and a circle containing a dot. The comparison of their working memory task to this object discrimination task, therefore, is quite similar to the comparison in our studies between location matching and face matching tasks, with generally consistent results. Consequently, the rCBF increases in dorsal extrastriate and frontal areas cannot be clearly attributed to working memory, but may be due simply to differences in the nature of perceptual discriminations demanded by their control and activation tasks.
Color and motion perception. Two PET-rCBF studies of color vision have identified an area in the collateral sulcus or lingual gyrus that is associated with both passive viewing of color and with selective attention to color (Corbetta et al., 1991; Zeki et al., 199 1) . The location of these foci in relation to the areas selectively activated by face matching are shown in Figure 8 . These foci lie in close proximity to the most posterior fusiform foci associated with face matching and face gender discrimination. The color foci, however, are consistently medial to the foci selectively activated by face matching, although the separations do not exceed the probable resolving power of PETrCBF methods (see discussion below). The mean differences in locations of face matching and color vision areas were 19 mm on the right and 12 mm on the left. The more medial focus associated with color vision was activated in our study during both the face and location matching tasks (compare Figs. 2B, 8) suggesting that this is an early area in the extrastriate cortical hierarchy that participates in both object and spatial visual processing. Further support for a dissociation between ventral posterior occipitotemporal areas associated with face and color perception comes from recent studies by Allison et al. (1993 Allison et al. ( , 1994 , in which evoked potentials to visual stimuli were recorded with electrodes placed on the cortical surface in epilepsy surgery patients. Corbetta et al. (199 1) also identified dorsolateral occipital foci associated with selective attention to color. Curiously, these dorsolateral color foci are very close to the foci associated with the location matching task (not shown in Fig. 8 ), suggesting this area is not as exclusively a spatial vision area as are the superior parietal and intraparietal sulcus areas.
The studies by Corbetta et al. (199 1) and Zeki et al. (199 1) also identified foci near the occipitotemporoparietal junction associated with both the passive perception of movement and selective attention to velocity. A more recent study by Watson et al. (1993) replicated Zeki's study and identified the focus in each of 12 subjects and showed that the location of this functional area, identified on superimposed individual MRI scans, was just posterior to the ascending limb of the inferior temporal sulcus. This motion area was not significantly activated by either Comparison of areas selectively activated by face and location matching and two other PET-rCBF studies of visuospatial function (Corbetta et al., 1993; Jonides et al., 1993) . Foci from the other studies are plotted. the face matching or the location matching tasks (compare Figs. 2B, 8) . Differences in the locations of the motion vision areas identified in Watson et al.'s definitive study and the dorsolateral occipital spatial vision area were 30 mm on the right and 23 mm on the left. Converging evidence from these functional brain imaging studies and postmortem anatomical studies (Clarke and Miklossy, 1990) suggests that this motion area is the human homolog for area MT (or MT/MST) in the macaque. Because MT is the major source of projections to parietal extrastriate cortex in the macaque (Fellernan and Van Essen, 1991) , it is surprising that it was not coactivated with other spatial vision areas during performance of the location matching task. Our PET-rCBF results suggest that a pathway exists in human extrastriate cortex for conveying information about static visual stimuli to parietal cortex for spatial visual processing that circumvents MT.
Spatial precision of PET-rCBF studies The comparisons of the results from the current study with results from our previous study of face and location perception and with results from other PET-rCBF studies of face perception, visuospatial attention and working memory, color perception, and motion perception demonstrates the replicability and precision of PET-rCBF studies of human functional neuroanatomy. Similar studies from the same center but with different tasks, subjects, and tomographs yield agreement on the point locations of functional areas that differ by 2-16 mm (mean = 7.8 mm). Similar studies from different centers with different Corbetta et al. 1991 l Zeki et al. 1991 a Watson et al. 1993 tomographs and different software for image analysis tend to show about the same range of differences. To some extent, these discrepancies are inevitable given the variability in the locations of functional foci across individuals, as exemplified by Watson et al.'s (1993) study of the location of the motion vision area in 12 individual subjects. They found that this focus varied by as much as 27 mm from one individual to another. With typical sample sizes of 6-l 0 subjects, therefore, up to 9 mm differences between group studies would be predicted (maximum difference/TN based on real individual differences. Differences in tomograph, tracer dose, and analysis software could easily account for the additional spatial variation. The real precision of focus identification will vary, of course, with sample size and the size of rCBF changes. These empirical results suggest the limit to spatial resolution for distinguishing functional foci identified by independent PET-rCBF studies, using current methods. Roughly, any difference greater than 2 cm probably indicates separate foci. Differences smaller than this, on the other hand, cannot be clearly distinguished by a comparison between studies. The power of PET-rCBF studies to distinguish two nearby foci in the same subjects, such as Fox's classic study of retinotopic mapping in human primary visual cortex (Fox et al., 1988) on the other hand, is presumably far greater.
Two visual pathways in human extrastriate cortex In the present study, coactivation of multiple areas in extrastriate cortex was observed for both perceptual matching tasks. The locations of these coactivated areas support the hypothesis that extrastriate cortex in humans is hierarchically organized with dissociable ventral object vision and dorsal spatial vision systems.
Comparison with other PET-rCBF studies corroborates and elaborates understanding of the organization of these systems. Comparison with Sergent et al. confirms the locations of ventral face perception areas, distinguishes the functional roles of foci within this domain, and suggests the locations of more anterior temporal areas that may participate in visual memory. Comparisons with other PET-rCBF studies of spatial vision corroborate the locations of dorsal foci in the occipital, parietal, and frontal lobes. Comparisons with studies of color and motion perception suggest the locations of other, relatively early extrastriate visual areas that were not selectively activated by face or location matching. These findings indicate that both the ventral and dorsal visual pathways have multiple routes for input. In the dorsal visual system, the human homolog for MT is not coactivated with areas participating in the perception of the location of static stimuli, suggesting that this area is not the sole or major route for input into this system. In the ventral visual system, early extrastriate areas for color and structural face processing may be functionally dissociable. Both of these areas may be human descendants of area V4 in the macaque. A simple one-to-one mapping of monkey to human visual neuroanatomy is clearly inaccurate. Explication of the locations of human extrastriate visual areas, their patterns of functional connectivity, and the myriad ways they can interact to perform different visual functions is now possible with functional brain imaging, but will require multiple studies using methods that allow direct comparisons of results.
